In two pilot-scale experiments, fingerlings and juvenile of tilapia were reared in high rate algal pond (HRAP) effluent. The combination of three different total ammonia nitrogen (TAN) surface loading
INTRODUCTION
It is estimated that in 2015 only 39 per cent of the global population (2.9 billion people) used a safely managed sanitation service (i.e., excreta safely disposed of in situ or treated off-site), and 2.3 billion people still lacked even a basic sanitation service (WHO & UNICEF ). In turn, the vast majority of the hungry lives in the developing regions, where an estimated 780 million people were undernourished in 2014-16, with an undernourishment prevalence of 12.9% (FAO et al. ) . As a whole, this points out the need for low-cost sanitation and sewage treatment systems in low-income countries, preferably combined with wastewater use in agriculture or aquaculture, which is seen as method of water and nutrient recycling as well as improving household food and nutrition security (WHO ).
Under favorable climate conditions and where land is available, waste stabilization ponds (WSP) are one of the most appropriate methods of wastewater treatment in developing countries, as they are low-cost, low-maintenance, highly efficient, entirely natural and highly sustainable systems (Peña & Mara ) . WSP are also one of the treatment options most compatible and used with aquaculture, since they provide a highly enriched environment that supports the growth of plankton, which serves as fish food (WHO ). High rate algal ponds (HRAP) are an advanced type of pond -paddlewheel-mixed, shallow, open raceway -developed for the treatment of wastewater and resource recovery. According to Craggs et al. () , HRAPs retain the advantages of conventional ponds (simplicity and economy), overcome some of their drawbacks, and have the additional benefit of recovering wastewater nutrients as harvestable algal/bacterial biomass for beneficial use as biofuel fertilizer or feed.
The literature reports several studies on wastewater use in fish culture in a variety of situations, looking both at toxic effects/fish survival and at fish productivity. For instance, there are quite a few reports on carp polyculture in sewage-fed ponds in India, either in large or experimental scale (e.g., Raychaudhuri et al. ; Mandal et al. ) . As stated by Watanabe et al. () , a fundamental advantage of tilapia for aquaculture is that it feeds on a low trophic level; members of the genus Oreochromis are all omnivores, feeding on algae, aquatic plants, small invertebrates, detritus and associated bacterial films, as well as on a variety of feeds of animal origin. Thus, there also are a quite a few works on wastewater-fed tilapia culture, either in WSP (e.g., Silva et al.  in Brazil; Abdul-Rahaman et al.  in Ghana) , or in fish rearing tanks/ponds fed with WSP effluents. In the latter case, some works are based on batch experiments (i.e., tanks intermittently fed with effluents), e.g., Gaigher & Krause () the effluent of a wastewater treatment system composed of an upflow anaerobic sludge blanket reactor followed by a series of three pilot-scale polishing ponds, where the plankton produced in the ponds was the only available food source; (ii) and another, of conventional aquaculture in freshwater and provision of artificial feed. Briefly, at low stocking densities fingerlings showed similar weight gains both in the wastewater-fed and in the conventional systems; however, during the more advanced fish growth stages higher weight gains were obtained in the conventional system. The authors concluded that the WSP phytoplankton proved to be of excellent nutritional value for the fingerlings but may have been insufficient to sustain high production of tilapia juvenile. Overall, these above-mentioned studies recommended using up to 10 fish per m 3 or 2 fish per m 2 , and reported high fish survival as well as fish productivity estimates up to 6 t·ha À1 ·y À1 .
One of the major concerns regarding wastewater use in fish culture is ammonia toxicity. Un-ionized ammonia (NH 3 -N) is the most toxic form of ammonia because of its ability to move across cell membranes; thus the toxicity of total ammonia nitrogen (TAN ¼ NH 4 þ þ NH 3 ) is dependent on the percentage present in the un-ionized form, which, in turn, is pH-dependent. In spite of having no shortage of studies on ammonia toxicity to fish, and also more specifically to tilapia (e. Aiming at filling some of these information gaps, in this study we evaluated the effect of three ammonia surface loading rates (SLR) and two fish stocking densities on the growth and mortality of fingerlings and juvenile of tilapia cultured in tanks fed with an effluent of HRAP, using plankton as the only food source
METHODS
The experiment was carried out in Viçosa, State of Minas Gerais, Brazil (20 45 0 14″S, 42 52 0 54″W; average altitude ¼ 648 m), at an experimental site in the University of Viçosa. This Brazilian town presents a humid subtropical climate (Köppen classification), with average, maximum and minimum temperatures of 19.8, 32.4 and 7.2 C, respectively; annual average relative humidity and precipitation of, respectively, 81%, and 1,221.4 mm -spread over rainy (spring-summer) and dry (autumn-winter) seasons. Domestic sewage was collected fortnightly, using a submersible pump, from a septic tank of a local small wastewater treatment plant. This anaerobically primarily treated wastewater was transported in tanks of 500 L and transferred to 3,000 and 5,000 L reservoirs at the experimental site, which then fed fiberglass HRAP with the following characteristics: length ¼ 2. were randomly located. Taking into account the high phytoplankton concentration usually found in HRAP effluents, D1 was selected to be twice the values recommended by Edwards et al. () and Bastos et al. () , which were based on conventional ponds. The rearing units were filled with treated wastewater and left therein for at least 10 days to reduce the levels of ammonia and its toxicity. In order to avoid breeding grounds for Aedes aegypti mosquitos in the stored wastewater during that period of time, at the beginning of the experiments the HRAP effluent was diluted as follows: 60% of the tank's useful volume was filled with tap water free of chlorine and 40% with the effluent.
A first experiment was carried out for 12 weeks during the end of the summer and the first 3 weeks of the autumn. Tanks were stocked with GIFT fingerlings with an average initial weight of 2.60 ± 0.15 g in a randomized distribution of the three treatment replicates: T1: SLR1-D1; T2: SLR1-D2; T3: SLR2-D1; T4: SLR2-D2; T5: SLR3-D1 and T6: SLR3-D2. A second experiment was conducted for 12 weeks during autumn and the first week of winter. Tanks were stocked with juvenile GIFT with an average initial weight of 58.24 ± 7.61 g, according to the replicate's randomized distribution for the six treatments, as previously mentioned. Before starting the experiment, the juveniles were reared in a recirculating aquaculture system and were fed with commercial fish feed with 34% dietary protein.
Fish were weighed at the beginning and at the end of the experiments in order to calculate the average total weight gain for each treatment, as well as the daily weight gain (total weight gain/duration of the experiment). Fish tanks were checked twice a day in order to monitor fish mortality, as well as to remove and weigh dead fish. Analysis of variance was applied to look at differences between treatments (fish weight gain and fish mortality) using the software R 3.1.0. Correlation between fish weight gain and water quality parameters was evaluated by the Spearman's rank test using the software Excel.
During the experiments the following physical and chemical variables were monitored according to the lower values found at dawn; after midday, supersaturated concentrations of DO were recorded due to intense photosynthetic activity. Table 1 shows the wastewater DO, pH and temperature mean and standard deviation values found in the HRAP and in the SLR treatments during the first experiment. Table 2 presents the results of the total fish weight gain and total mortality during the experiment -average values of the three replicates of each stocking density in each SLR treatment. In general, the daily weight gain was lower than those reported by other authors, e.g., Edwards et al.
() and Mota et al. () . Marked differences in fish weight gains were noticed between treatments, although not statistically significant, probably due to the large data variability (high standard deviation values). In fact, differences in growth within the same fish group are not unexpected. Johnsson et al. () suggested that appetite suppression associated with stress-induced anorexia and decreased nutrient digestibility in subordinate fish can lead to decreased growth in the short-and long-term metabolism. Fernandes & Volpato (), studying Nile tilapia, registered a higher metabolic cost for the subordinates compared to the dominants.
With the exception of SLR1 treatments (T1 and T2), the lower the fish stocking densities the higher was the weight gain (T3 and T5, compared to T4 and T6, respectively). The highest weight gain (18.9 g, equivalent to 0.225 g per day) was obtained in T3 treatment, maybe due to the intermediate ammonia SLR level (thus less toxic ammonia effects) coupled with the also intermediate chlorophyll-a concentration (hence reasonable availability of plankton as food source). In SLR3 treatments, fish growth may have been inhibited due to the high ammonia concentrations, despite the highest chlorophyll-a concentration. El-Sherif & El-Feky () also observed that tilapia weight gain decreased with increasing levels of ammonia. In turn, the low weight gain in SLR1 may have been associated with limited availability of plankton (in spite of the weight gain in T2 being higher than in T6). Overall, these results suggest the potential for rearing fingerlings at low stocking densities, even at moderate or high ammonia loading rates. A strong negative correlation was found between fish weight gain and DO (Spearman's rank correlation coefficient r s ¼ À0.90). Surprisingly at first sight, such finding may be explained by the larger variability of DO data in those treatments with higher DO concentrations. As suggested by Wang et al. () , it is likely that dynamic changes in oxygen levels would increase the routine metabolic rate and reduce the amount of energy available for growth. There was no correlation between fish weight gain and water temperature (r s ¼ À0.014), certainly because the water temperature did not vary much between treatments.
However, correlation was found between fish weight gain and both water pH (r s ¼ 0.371) and chlorophyll-a (r s ¼ 0.486). Notwithstanding these associations being only weak to moderate they suggest that higher plankton productivity may have promoted fish growth.
Fish mortality varied widely, and this certainly contributed to no statistically significant differences being found between the treatments' mortality values. Again, this may be in part explained by the behavioral and physiological consequences of the social order imposed between dominant and subordinate fish (Johnsson et al. ) . Full mortality was registered in 7 out of the 18 rearing tanks. Mortality events occurred mostly, or more intensively, following wide daily temperature variations, which may have exerted a synergic effect with the ammonia concentrations. Fish mortality may also help to explain the abovementioned exceptions in the weight gain results (T1 vs. T2 and T2 vs. T6), in as much as, in general, the lower the fish mortality the higher was the weight gain (T2, T3 and T5, compared to T1, T4 and T6, respectively). Table 3 shows the average and the standard deviation values of the wastewater characteristics found in the septic tank and the HRAP effluents and in the fish rearing tanks during the second experiment.
Experiment with tilapia juveniles
The maximum sewage constituent values recorded in the wastewater treatment-fish rearing system were: (i) Based on the values shown in Table 3 , the average removal efficiencies in the HRAP and in the fish rearing system were: (i) HRAP -64.6% TKN; 77.0% AN; 22.9% TP; 78.2% COD; 1.31 log units E. coli; (ii) SLR3 -49% TKN; 29% AN; 23% TP; 28% COD; 0.94 log units E. coli; (iii) SLR1 -74% TKN; 68% AN; 57% TP; 46% COD; 1.25 log units E. coli; (iv) SLR2 -65% TKN; 65% AN; 46% TP; 37% COD; 1.1 log units E. coli. The removal results in the HRAP (from both the experiments with the fingerlings and the juvenile) were in accordance with previous reports, like in Young et al. () . The reduction of chlorophyll-a concentration from the HRAP effluent to the fish rearing tanks (again, in both experiments) may be a result of phytoplankton consumption by the fish. It is noticeable that the chlorophyll-a values found in the experiment with juveniles were lower than those from the experiments with fingerlings, which may be explained by the higher plankton consumption by bigger fish in the second experiment, as well as by the lesser average radiation recorded during the second study (less 17%). Clearly, the final wastewater quality was improved by rearing juvenile tilapias, which fed on particulate organic matter, plankton and detritus present in the HRAP effluent; fish also controlled the breeding grounds for mosquitos by eating the mosquito larvae. Table 4 shows the mean and standard deviation values for DO, pH and temperature of the wastewater in the wastewater treatment-fish rearing system during the second experiment. The water temperature was lower than in the first experiment, usually under 20 C. According to the local database the minimum, average and maximum air temperature values during the experiment were 7.3, 17.5 and 31 C respectively. DO and pH values were also lower than those from the experiment with fingerlings, probably as a result of the lower temperatures and lesser photosynthetic activity. The pH varied from 5.5 to 8 in the rearing tanks, with average values below 7; in the HRAP pH varied from 6 to 7.9. DO varied from 0.7 to 11.8 mg·L À1 in the rearing tanks, and from 4.4 to 10.7 mg·L À1 in the HRAP, with lower values occurring early morning whereas supersaturated concentrations were found in the afternoon. There were no significant differences of weight gain between treatments. Very low weight gain was recorded in treatments SLR2-D1 and SLR3-D1 -up to 3 g over 12 weeks; no weight gain was recorded in SLR2-D2 and SLR3-D2, whereas there were even weight losses in SLR1 treatments. These findings may be explained by the low water temperatures which prevailed in these second experiments since, as stated by El-Sayed (), tilapia feeding is sharply reduced below 20 C, and stops at about 16 C, while severe mortality occurs at 12 C. In an experiment using a four pilot-scale WSP series in South Africa, Wrigley et al. () also reported that low winter temperatures and low DO concentrations during spring restrict production. Small African sharptooth catfish (Clarias gariepinus) stocked in the first three ponds grew rapidly in summer (relative daily growth rate of 5.9%), but during winter growth rate was reduced to 0.2% d À1 . The fourth pond was stocked with a polyculture of Oreochromis mossambicus; Hypopthamichthys molitrix, Cyprinus carpio and Labeo umbratus. Again, during summer, O. mossambicus and C. carpio had average relative daily growth rates of 1.4 and 2.1%, respectively, while in winter both H. molitrix and L. umbratus lost weight (respectively, 0.2 and 0.3% of body weight·d À1 ) and C. carpio grew slower.
Even though during this experiment water temperature and pH values varied only narrowly, and fish weight gain was very low, plankton productivity still seems to have somehow favored fish growth: strong positive correlations were found between fish weight gain, water temperature (r s ¼ 0.786), chlorophyll-a (r s ¼ 0.843) and pH (r s ¼ 0.629). No fish mortality occurred during the second experiment, probably because the sensitivity to ammonia is reduced at the more advanced growing stages of the fish; as observed by Benli & Köksal () in ammonia toxicity tests with tilapia, larvae were less tolerant than fingerlings to the same levels of ammonia.
CONCLUSIONS
Tilapia fingerlings were highly sensitive to ammonia and short term temperature variation, which led to high mortality. On the other hand, tilapia juveniles withstood the ammonia effects and, although no mortality was recorded, the low temperature affected drastically the fish weight gain. The rearing tanks worked as polishing units and contributed to improving the effluent water quality in terms of nutrients, organic matter and E. coli. The results obtained herein suggest that, under the specific circumstances of these experiments (for instance, the prevailing climatic conditions), tilapia fingerlings culture using high rate algal pond effluent is feasible, during summerautumn, with fish stocking density of 6 fish per m 2 and ammonia surface loading rate of 1.2 kg·ha À1 ·d À1 . The feasibility of tilapia juvenile rearing is still to be confirmed over warmer temperatures than those tested here.
